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Abstract by model dynamis. Additionally, there were tweting
whip systems employing two iffrent correction
In recent years, great strides have bewmde toward techniques mounted in the model éffedent dynamic
correding the largest error in inertial Angle of Attack radii. This configuration adwed for fourcomparisons
(AoA) measurements in wind tunnel models. This erroto either sting whip system.
source is commonly referred to as “sting whi@hd is
caused by aedynamically mduced forces miparting The sameacceleration that causes an error in the
dynamics on sting-mounted models. Thesedygramic AoA measurement also acts on thmdel and induces
forces cause the model to whip through an arc section am eror in the balance axial force reading. An
the pitch and/or yaw planes, thus generating aextrapolatbn equattn was devied that uses the
centrifugal acceleratioand creating a bias error in the measured acceleratiomenerated by asting whip
AoA measurementlt has been kown that, under correction system to scale the correction to any location
certain conditions, this\duced AoA erroccan be greater along the model's kbngth. Thisenables the user to
than one third of a degree. An error of this magnitude farorrect for errors in the balanceading or errorsnduced
exceeds the targehoA goal of 0.02 established at in any otheracceleration enstive device.Having two
NASA Langley Research Center (LaR&)d ebewhere. sting whip systems in this test supplied a means to
New sting whip correction techniques beindeveloped check the exaipolation technique. Thise¢hnique has
at LaRC are able tmeasureand reduce thisting whip  been succesdfy demonstrated in the lab but did not
eror by an order of magnitude. With this imerse of compare favorably with the sting whip measurements in
accuracy, the 0.01A0A target is achievableunder all  the first tunnel test.
but the most severe conditions.
In geting to this degree of accuracy, LaRC
Until recently, LaRC has nobad theopportunity  researchers have been through several iteratiossingf
to independently verify the validity of thesdng whip  whip system corfigurations over the past three years.
correction systems under wind tunnel test conditions. lithe processnvolved ®veral arrangements of sensors,
January2001, a testing opportunity presented itself atAD/DA boards,filtering techniques, software versions
the Langley16-Foot Tansonic Tunnel (16-FT TT) andcomputer systems witkeachconfiguration having
where two videghotogrammetric systemand an arc- its merits with egard toaccuracycost, reliability, and
secor AoA sensor corrected for sting deflections weresize. As this research effort comes to emd, the
available for verification. These systems are not affectefbllowing paper vill discuss in detail the viication
setup, test and resultand theconcept of being able to
carectfor centrifugal acceleteons anywhere ahg the
model axis and latest version of the sting whip system.

"Electronics Research Engineer, Member AIAA
TSenior Research Engineer Test Objectives
Copyright © 2002 by the American Institute of Aeronautics and ) )
Astronautics, Inc. No copyright is asserted in the United States under ~ The tunnel time to run this test weenated to the
Title 17, U.S. Code. The U.S. Government has a royalty-free sting whip cause by the management of the
license to exercise all rights under the copyright claimed herein for Langley 16-Foot Tan®nic Tunnel. Hence, this was a
Governmental Purposes. All other rights are reserved by the stand-alone tesand not pigy-backed oranother test.
copyright owner. . .. .

With this in mind we were able to set the test
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parameters to further validation of thsting whip
correcting AOA measurement system.

The first objective was to verify tha@ccuracy of the
sting whip coreding AOA measuement system with
an independentdevice. The ®cond objectivewas to
verify that the extrapolation ethnique predicts
centrifugal acceleration aany other point along the
model axis.

Test Setup

The test occurred ithe Langleyl6-Foot Tansonic
Tunnel. This tunnel is a closed loop systeapable of
transonic speeds up to mach 1.2. The test section has
octagonal cross section roughly 16 ft in “diameter.”

A high-speed researciHR) model was used for
the test. It was mounted on asting ac sector
configuration  with  remotely controlled pitch
capabilities. The test plan called for a pitemge from
—-4° to 10 in two degree in@ments set randomly to
help guardagainst systematic errors. Theesd ranges
were set aM = 0.0, 0.3, 0.8, and 0.9 to give a varying
degree of sting whi error. The andom polars were run
at eachmach numbeand repeated three times with the
M = 0.0 polar occurring at the stadnd end of the test
and after each mactumber st Thefirst and last wind-
off polars were performed with the additionede of the
AoA ‘“reference” angle measurement system (AMS)

attached. This facilitated the calibration of the AoA

systems and albwed for corrections ofiny bias shift
that may have occurred during the test. This test
corfiguration would yield a wide range oflynamic
conditions to investigate.

There were fiveAOA devices used in thede Two
were video model deformation (VMD) systems with
AOA measuement capabilitiest One was a ahdard

LaRC inertial AoA sensomounted in thestrut and
corrected with callated sting deflections based on
balance output. The other two systems were sting whip
correction systems referred to as QS1 and QS2.

The VMD systems werentated otside ofthe test
sedion and penum,and boked though a wndow at a
saiesof 1/2 in. diameter retro reflective targetschted
on the side of the fuselage. Q82dQS1 were dcated
inside the fuselage 1983 in. and 24379 in.
respectively in front of the model CG.

Strut MountedAoA Corrected-or Sting Deflections

an The strut mounted AoA correed for the sting
defledions method of measuring AOA wasonvenient
due to infratructure being already in phce (inertial
accelerometer irstrut andequations inDAS), but was
not necessarily anaccurate mdéod. One possible
explanation for the naccuracy is that thesting
defledionsare based ¢inely on bahnce output This
only takes intoaccount the fares actingon the model
and not on the sting itself. A preliminary investigation
into the forces acting on thesting and the redting
deflections was performed. Thianalysis bowed that
there can be sigiicant sting deflectionddue to forces
ading on the model sipport system, butdoes not
account for all of theniaccuracy. Therefore, we left this
AOA estimate out of our best estimate of AoA. To
establish our best estimate of AoA, we averaged the two
VMD estimates with the two sting whip estimates.
Then, subtracting that from the sting deflection
edimat, theris a big discrepancy. Thigliscrepancy is
depicted abng with the predicted amount adting
defledion due to the wind impinging on thsting in
Figure 1.

As a result of this phenomenon, thsting
defledion estimate of AoA was not inofled as part of
the best estimate for the AoA reading.
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Figure 1. Sting deflection due to wind-on sting.
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Equations

Sting Whip Correction Equations

Acceleration Extrapolation:

In 1969, Dr. Frank W. Steinle Jeonducted a test
that demonstrated the &stence of a centrifugal

The equations are presented below in both thacceleration acting on a stimgeunted mode}. He

corrected and uncorrected form. In doing so $hieg

concluded that “random motion afsting-model support

whip correction amount can be established by taking thgystem can induce a thrusting biasror to axial force,

difference between the corrected and uncorrected valuesand hence dragmeasurement.”

The uncorrectedequation, Bown as eq. 1, is the
standard form that halseen used ataRC for many
years.

Vgst =~ Bge U
Qsy, = ast—D Q
0 Se O

@
QS1 AoA corrected for sting whip is:
1~ Bgal C(v)

Pitc :asinm\/q _Qv),g_t=1s 2
"o % Se O 573 0 se2lq ’

The uncorrected QS2 is handiedthe same way as
the QS1.

D\/ quzD
Qx, —astTD Q 3
The QS2 correction iffers from QS1 in the

correction term. It is in terms of yaw and pitch g’s.

Vy/ My, O
Gy, =P YIB (T -75 4
VP = 572060 100 U 7 @

Once the g's have been measurbéytcan be put
into the QS2equation to obtain thAoA measurement
corrected for sting whip.

v, —B d
Pitchyg = asine—3% - (Gy + Gp)D‘ p
S 0

0
where:

QS1/QS2 = QS1, QS2 AoA uncorrected
Vgs?Vgs2= QS1, QS2 AoA sensor voltage
Bgs?Bgs2= QS1, QS2 AoA sensor bias
Sys?Sys3= QS1, QS2 AoA sensor sensitivity

= QS1, QS2 AoA sensor offset
Pitchysy/Pitchys, = QS1 AoA sting whip corrected
C(V) = correction voltage
t = temperature sensor

3

The saneentrifugal
acceleration experienced by the lmice axial also
influences the inertial Ao0A accelerometer. This
acceleration can bmeasured and corrected for at the
AoA sensorandcan also be extrapolated to correct for
the acceleration acting oa secondary accelerometer or
even the balance axial outpufThe extrapolation
equation can be derived easily using Figure 2.

Dynamic
center -
of VN
rotation
'S

<
<

Figure 2. Extrapolation equation model.

From this figure the centrifugahcceleration at the
model center of gravity (CG) is calculated using:

8cg = W (6)
where:

w= angular rate
r = radius

The centrifugal acceleration at the AoA sensor is:

anon = W2(r +4) = &V @)
Since ther term is difficult to measure, we take
equation 7 and solve forto get:

V- _V

r= =—
w w

-A ®)

Then, substituting the solution fromquation 8
into equation 6 forr we get the acceleration in terms
that are much easier to determine.

Y

O

an = - AD (9)

American Institute of Aeronautics and Astronautics



Simplifying equation 9 gives us agquation in the
form of a straight line.

8y = WV — WA (10)

Where wV is a knownacceleration pointw? is the

slope value for theaccelerationand A is the distance

along themodel axis from theAoA sensor. After

applying conversion and scaling factors to the output
the sensors, equation 10 becomes:

_ Corr(V) N SlopgV)
573 1932

A (11)

8cg

Here the CorN) is the correction voltage at the
AoA sensorand Sbpel) is the voltage deghating
acceleration change per uniéngth along themodel.
Theoretically, this approach isindependent of the
vibration mode ormodes. Since thaccelerometers are
on board themodeland beingexposed to all vibration
modes, the result should becambined effecand yield
an effectivewandV at any point in time.

Data Analysis

Wind tunnel model AoA is a difficult quantity to
measure. All measurement systems are subject
variousbiasesand errors.Some of the systems suffer
from sting whip related problems, sombave
rectification problemsand ®me have esolutions
difficulties and etc. With an absce of an absolute
reference fomeasuring AoAunderdynamicconditions,
the average of the two videand the twosting whip
carecedreadings wereaken as the refence foreach
data point.

Bias shifts were tracked at several points during th
test using the LaRC AngleMeasurement System
(AMS) as a reference while performing a wind-off polar.
Under theseonditions, the AMS isaccurate to within
0.002. The AMS package was attached the model

(]

leveling-plane at specific times during the test and
compared to each insmment. This pwcedure was
performed beforand after the ption of the test that
compared the AoA reaatjs. The beforeand after biases

of each instument wereaveraged and theffeets were
applied to the data.

The plots in the results section below for AocA
Yerification show the ifference beween the bias
careced individual instument measurements and the
averaged valueOne plot ilustrates the severity of the
sting whip magnitude by showing the ifference
between theaveragedAoA value and both thesting
whip corrected and uncorrected values for QS1 and QS2.

Having two sting whippackages in themodel
located at different fusafje stationsmade a nice
reference for the expolationtechnique.By knowing
the correction amount at twaffdrent locations and the
distance betweerhém, the etrapolation slope can be
determined. This washén compared to the calculated
extrapolation using the equations above.

Results

The best result to show first is the sting whip
@r?gnitudeand how well the correction system works.
owing the magnitude is important to theifieation

because if there is $tia low level ofsting whip, then
we are demonstrating the effectiveness of the AoA
sensor instead ofi¢ sting whip corrdion system. The
magnitude of the sting whimducedAoA error and the
corredion capabilities of the sting whip system are
shown in Figure 3. This plot shows both QS1 and QS2
with the sting whip corrected and uncorrected values.
These values are frodd = 0.9 (the mach number that
generates the mossting whip error), have been
Subtraced from the best AoA estimategnd are lsown

as absolute values for clarity. This plot clearly shows
significant error in theuncorrectedAoA measuement.
The largest error in QS1 isearly 0.2 and the lagest
error in QS2 nearly 071
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Figure 3. Corrected and uncorrected magnitude January 2a040.9.
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In al cagsthe uncorrected values are greater tharnpostions (high sting whip induced error psitions)
the requred AoA measuementaccuracy of 0.001 For  usually fall within 0.03.
the corected values, all are within the 0°0threshold
with the greaest magnitude being 0073 for the QS1 Another method of lowing the accuracy of the
sensor at the-4° alpha paition. Although these stingwhip corredionsystemis to plot QS1, QS2, and
numbers arggenerally representative of previous windthe two video estimates with the best estimate of alpha
tunnel tests, the corrected values at the high alphgubtracted out. This is shown in Figure 4 below.

—-- QSL
0.015 - VidC
- Vid S
2 0.010 3
© .
. EL~\ //
g 0.005 Sl e
B N R S S D
<O( P “\\)/"7‘)\5}’ g \—{%,/<
< 0.000 T kT
. " "'—"\Ty‘\"‘u
—0.005
—6 —4 -2 0 2 4 6 8 10 12

Figure 4. 16-FT TT AoA errors January 2008 = 0.9.

In this figure there is good AoA aggmentbetween dekemineif simultaneousyaw and pitch motion and if
the video estimakes and the sting whip corrected multiple vibration modes are contributing factors. Other
estimates. All of the data points shown are within ©.01potertial sources of error are sensor accuracy and the
except for one of the video points. assumption that the model is a rigid body. Any or all of

these could contribute to the errors we observed.

The results from the extrapolation test are shown in
Figure 5. This figure shows that the extrapolation is  Since the AoA datacompared dvorably, it is
not quite as good as whad hoped. The exétpolation reasonable tassume that the correction amounts from
correction is off by 0.048at QS2and by 0.092 at the QS1andQS2 are correct. Given this, we feel that the
model CG. plot of the extrapolation corrdmn line that passes

through the QS1 and QS2 corrections in Figure 5 is the

Lab results perfoned on adynamic rate table bed. The bahnce axial correction from this slope
showed much better correlation beten a scondary calkulatesto be 0.003% of full scale (well below the
accelerometeand the extpolation from a sting whip stated accuracy for the axial on this balance of + 0.12%
package. rivestigaions are currently underway to  of full scale). For this model andigport system the

0.1 Measured
_§’ - — — — — Extrapolated
£ 4 : \\l Qst
g ot ; T \
c Delta ! — |
2 10094 L !
g = -Model
8 " CG

35 30 25 20 15 10 5 0 -5

Distance from QS1, in.
Figure 5. 16-FT TT Measured correction and extrapolation January, 206410.9, AoA = 10°.
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axial caredion is very smdl because of the proximity Having less overall sensitivity shifind p#ing sensors
of the vibration node to the model CG. This may not bevith nearly the same shift minimizes this effect.
the case for all models in all tunnels.
Some otherbenefits of theMEMS senscs are:
Conclusions they have static outpumaking them mucheasier to
cdibrate, they are considerably cheaper, the gsal
The primary reason for the test was to validate theonditioning is simplerand hey have a hyher sgnal
accuracy of the sting whip correcting AagAeasurement levd. There are two main detractions to tMEMS
system in the presence of a zible sting whip error.  sensors: the need for individual \age regulatorsvhen
Data presented above clearlyosvs the ability of the using a commomower £ed, and there is noonnector
systems to correct for sting whipduced bias errors in onthesensr sothe leadshave to bemanually soldered
the AoA measurement. The sgshs generally emove onto the terminals. The benefits of MEMS far outweigh
85% to 90% of this error, which brings all but thethe detractions.
extreme cases to within the 0%&ccuracy target at
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